Hexagonal antiferromagnets Cs2Cu3MF12 (M = Zr, Hf and Sn) have uniform Kagomé lattices of Cu 2+ with S = 1/2, whereas Rb2Cu3SnF12 has a 2a × 2a enlarged cell as compared with the uniform Kagomé lattice. The crystal data of Cs2Cu3SnF12 synthesized first in the present work are reported. We performed magnetic susceptibility measurements on this family of Kagomé antiferromagnet using single crystals. In the Cs2Cu3MF12 systems, structural phase transitions were observed at Tt = 225 K, 172 K and 185 K for M = Zr, Hf and Sn, respectively. The magnetic susceptibilities observed for T > Tt are almost perfectly described using theoretical results obtained by exact diagonalization for the 24-site Kagomé cluster with J/kB = 244 K, 266 K and 240 K, respectively. Magnetic ordering accompanied by the weak ferromagnetic moment occurs at TN = 23.5 K, 24.5 K and 20.0 K, respectively. The origins of the weak ferromagnetic moment should be ascribed to the lattice distortion that breaks the hexagonal symmetry of the exchange network for T < Tt and the Dzyaloshinsky-Moriya interaction. Rb2Cu3SnF12 is magnetically described as a modified Kagomé antiferromagnet with four types of neighboring exchange interaction. Neither structural nor magnetic phase transition was observed in Rb2Cu3SnF12. Its magnetic ground state was found to be a spin singlet with a triplet gap. Using exact diagonalization for a 12-site Kagomé cluster, we analyzed the magnetic susceptibility and evaluated individual exchange interactions. The causes leading to the different ground states in Cs2Cu3SnF12 and Rb2Cu3SnF12 are discussed.
I. INTRODUCTION
The Heisenberg Kagomé antiferromagnet (HKAF) has been attracting considerable attention from the viewpoints of frustration and quantum effects [1, 2] . In the classical spin model, three spins on a local triangle form a 120
• structure as in the case of the Heisenberg triangular antiferromagnet (HTAF). However, different from the HTAF, the classical HKAF has infinite ground states in the case of the nearest neighbor exchange interaction because of the flexibility of configuration of neighboring two 120
• structures. When the next-nearest neighbor (NNN) interaction is switched on, the so-called q = 0 or √ 3 × √ 3 structure is stabilized in accordance with the sign of the NNN interaction [3] . The HKAF with the nearest neighbor interaction has been actively studied theoretically. It was predicted that for classical and large spins, thermal and quantum fluctuations stabilize the √ 3 × √ 3 structure without the help of the NNN interaction [4, 5] , whereas for small spin values as S = 1/2 or 1, strong quantum fluctuation leads to the disordered ground state [6, 7, 8, 9, 10, 12, 13] . Careful analysis and numerical calculation for the S = 1/2 case revealed that triplet excitations are gapped, but there exists the continuum of low-lying singlet states below the triplet gap [14, 15, 16, 17] . The magnitude of the triplet gap was * Electronic address: o-toshio@lee.phys.titech.ac.jp.
estimated to be of the order of one-tenth of J, where the exchange constant J is defined as H ex = i,j J ij S i ·S j . Valence-bond crystal represented by a periodic arrangement of singlet dimers has been proposed as the ground state of S = 1/2 HKAF [19, 20, 21, 22 ]. An other theory based on the resonating valence bond or the gapless critical spin liquid has also been proposed [24, 25, 26, 27, 28] .
For S = 1/2 HKAF, numerical calculation demonstrated that the magnetic susceptibility has a rounded maximum at T max ≃ (1/6)J/k B and decreases toward zero with decreasing temperature [9, 31] . The magnetic susceptibility obeys roughly the Curie-Weiss law in a wide temperature range for T > (1/2)J/k B . However, for T < 2J, the absolute value of the effective Weiss constant Θ eff is given as |Θ eff | ≃ 2J, which is twice as large as |Θ| = J for molecular field approximation [32, 33] . These unusual features of the magnetic susceptibility have not been sufficiently verified.
The experimental studies on the HKAF have first been concentrated on jarosites with large spin values [34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46] . The chemical formula of the jarosites is expressed as AM 3 (OH) 6 (SO 4 ) 2 , where A is a monovalent ion such as K + and M = Fe 3+ (S = 5/2) or Cr 3+ (S = 3/2). In the many jarosites, the ordered state with the q = 0 structure has been observed contrary to the theoretical prediction [36, 39, 41, 46] . The q = 0 structure was also observed in hexagonal tungsten bronze (HTB)-type FeF 3 with the Kagomé layer [47] . The q = 0 structure observed in the jarosites and HTB-FeF 3 can be ascribed to the antisymmetric interaction of the Dzyaloshinsky-Moriya (DM) type with alternating D vectors [46, 48] . In iron jarosite with A = D 3 O + , spin freezing behavior was observed [49, 50] . (m-MPYNN)·BF 4 · 1 3 (acetone) is known as the composite S = 1 HKAF with the gapped singlet ground state [51] . In this organic system, two radical spins coupled through strong ferromagnetic interaction form the S = 1 state, and the composite spins are placed on a modified Kagomé lattice [52] .
In contrast to theoretical studies, the experimental studies on the S = 1/2 HKAF are limited. Experiments were performed on Cu [56] . The abovementioned exotic ground state has not been observed in these systems.
Shores et al. [57] reported the synthesis and magnetic properties of herbertsmithite ZnCu 3 (OH) 6 Cl 2 that has the uniform Kagomé lattice. Since then, herbertsmithite has been attracting considerable attention [31, 32, 33, 58, 59, 60, 61, 62, 63, 64, 65] . No magnetic ordering occurs down to 50 mK because of strong spin frustration [58] . However, the magnetic susceptibility exhibits a rapid increase at low temperatures, which was ascribed to idle spins produced by the intersite mixing of 5 ∼ 10 % between Cu 2+ and Zn 2+ [31, 33, 59, 60] . NMR experiments on uniaxially aligned and 17 O-enriched powder samples revealed that the Knight shift proportional to the intrinsic magnetic susceptibility of the host lattice exhibits a broad maximum at 50 − 100 K, and decreases with decreasing temperature [62, 63] . However, owing to the lattice disorder, the intrinsic magnetic susceptibility of herbertsmithite is still unclear.
Cupric compound Cs 2 Cu 3 MF 12 (M = Zr and Hf) is a new family of S = 1/2 HKAF, which has a uniform Kagomé lattice at room temperature [66, 67] . Müller and Müller [66] synthesized Cs 2 Cu 3 ZrF 12 and Cs 2 Cu 3 HfF 12 and determined the crystal structures at room temperature. These compounds are crystallized in hexagonal structure (space group R3m) [66] . Figure 1 shows the crystal structure of the hexagonal Cs 2 Cu 3 MF 12 family and its projection onto the c plane. As shown in Fig.  1(b) , CuF 6 octahedra are linked in the c plane sharing corners. Magnetic Cu 2+ ions with S = 1/2 located at the center of the octahedra form a uniform Kagomé layer in the c plane. The nearest neighbor exchange interactions are equivalent, because all the Cu 2+ ions are crystallographically equivalent. CuF 6 octahedra are elongated along the principal axes, which makes an angle of approximately 11
• with the c axis. Because the elongated axes of the octahedra are approximately parallel to the c axis, the hole orbitals d(x 2 − y 2 ) of Cu 2+ spread in the Kagomé layer. The nearest neighbor superexchange interaction J through F − ion in the Kagomé layer is antiferromagnetic and strong [67] , because the bond angle of the superexchange Cu
• . The ferromagnetic superexchange occurs only when the bond angle is close to 90
• . The interlayer exchange interaction J ′ should be much smaller than J, because magnetic Cu 2+ layers are sufficiently separated by nonmagnetic Cs + , M 4+ and F − layers. Thus, the present hexagonal Cs 2 Cu 3 MF 12 family can be expected to be quasi-two-dimensional S = 1/2 HKAF. However, these systems undergo structural phase transitions at T t ≃ 220 and 170 K, respectively, and also magnetic phase transitions at T N ≃ 24 K [67] . In this study, we synthesized Cs 2 Cu 3 SnF 12 that has the same crystal structure as Cs 2 Cu 3 ZrF 12 and Cs 2 Cu 3 HfF 12 , and performed precise magnetic susceptibility measurements on Cs 2 Cu 3 MF 12 with M = Zr, Hf and Sn using high quality single crystals. In this paper, we will report the results. As shown below, the high-temperature susceptibilities of these systems can be almost perfectly described using the theo- [68] . The crystal structure of Cs 2 Cu 3 SnF 12 has not been reported to date. Therefore, we analyzed the structural of Cs 2 Cu 3 SnF 12 at room temperature using a RIGAKU R-AXIS RAPID three-circle diffractometer equipped with an imaging plate area detector. Monochromatic Mo-Kα radiation was used as an X-ray source. Data integration and global-cell refinements were performed using data in the range of 3.00
• < θ < 27.47
• , and multi-scan empirical absorption correction was also performed. The total number of reflections observed was 2904. 290 reflections were found to be independent and 282 reflections were determined to satisfy the criterion I > 2σ(I). Structural parameters were refined by the full-matrix least-squares method using SHELXL-97 software. The final R indices obtained were R = 0.0135 and wR = 0.0325. Cs 2 Cu 3 SnF 12 was found to be isostructural to Cs 2 Cu 3 ZrF 12 and Cs 2 Cu 3 HfF 12 (see Fig. 1 ). The lattice constants of Cs 2 Cu 3 SnF 12 are listed in Table I The magnetic susceptibilities of the present four systems were measured in the temperature range of 1.8−400 K using a SQUID magnetometer (Quantum Design MPMS XL). High-field magnetization measurement on Rb 2 Cu 3 SnF 12 was performed by an induction method with a multilayer pulse magnet at the Institute for Solid State Physics, The University of Tokyo. Magnetic fields were applied parallel and perpendicular to the c axis in both experiments.
III. RESULTS AND DISCUSSIONS
A. Cs2Cu3MF12 (M = Zr, Hf and Sn) Cs 2 Cu 3 MF 12 (M = Zr, Hf and Sn) has the uniform Kagomé lattice at room temperature. Figure 3 shows the temperature dependences of magnetic susceptibilities χ in these three systems. External magnetic field of H = 1 T was applied for H c and H ⊥ c. Note that one molar Cs 2 Cu 3 MF 12 contains three molar Cu 2+ ions. The susceptibility data were corrected for the diamagnetism χ dia of core electrons and the Van Vleck paramagnetism. The diamagnetic susceptibilities of individual ions were taken from the literature [69] . The Van Vleck paramagnetic susceptibility was calculated using χ
is the coefficient of the spin-orbit coupling for Cu 2+ and ∆g µ = g µ − 2 is the anisotropy of the g factor. To obtain the g factors in the present systems, we performed electron spin resonance (ESR) measurements, but no spectrum was observed owing to the extremely large linewidth [70] . Therefore, the g factors and χ µ VV were determined self-consistently as χ c /χ ⊥c = (g c /g ⊥c ) 2 in the temperature range higher than the structural phase transition temperature T t . The g factors obtained are listed in Table III . These g factors are consistent with g = 2.48 and g ⊥ = 2.09 measured in K 2 CuF 4 and Rb 2 CuF 4 with the K 2 NiF 4 structure [72] , where g and g ⊥ are the g factors for the magnetic field parallel and perpendicular to the elongated axis of the CuF 6 octahedron, respectively.
With decreasing temperature from 400 K, the magnetic susceptibilities exhibit sudden jumps at T t = 225 K and 172 K for Cs 2 Cu 3 ZrF 12 and Cs 2 Cu 3 HfF 12 , respectively, while for Cs 2 Cu 3 SnF 12 , the magnetic susceptibility displays a small bend anomaly at T t = 185 K. The phase transition at T t is attributed to structural phase transition. Because small hysteresis was observed at T t for Cs 2 Cu 3 ZrF 12 and Cs 2 Cu 3 HfF 12 , the structural phase transition is of first order. For Cs 2 Cu 3 SnF 12 , the structural phase transition may be of second order, because the susceptibility anomaly at T t is continuous. We performed the structural analyses below T t on Cs [67] . For Cs 2 Cu 3 SnF 12 , the magnetic susceptibility has a rounded maximum at T max ≃ 38 K as shown in the inset of Fig. 3(c) , and exhibits a sharp cusp and a sharp increase at T N = 20.2 K for H c and H ⊥ c, respectively, indicative of threedimensional (3D) magnetic ordering.
We compare our experimental results for T > T t with the theoretical susceptibility for the S = 1/2 uniform HKAF obtained by Misguich and Sindzingre [31] from ex- act diagonalization for the 24-site Kagomé cluster. The solid lines in Fig. 3 (a)−(c) denote the fits using the theoretical susceptibilities with the exchange parameters and the g factors given in Table III . Errors of the exchange parameters and the g factors are ±2 K and ±0.01, respectively. The theoretical results provide an almost perfect description of the magnetic susceptibilities obtained for T > T t . The magnitude of the effective Weiss constant Θ eff obtained from the χ −1 vs T plot for T t < 400 K is 2.1 ∼ 2.3 times as large as J/k B , as predicted by theory [32, 33] . It is also observed that k B |Θ eff |/J increases a little with decreasing T t , the lower limit of temperature range. For Cs 2 Cu 3 SnF 12 , the agreement between theoretical and experimental susceptibilities is fairly good even below T t . As shown in the inset of Fig. 3(c) , the magnetic susceptibility exhibits a rounded maximum at T max ≃ 38 K, which coincides with the theoretical result T max ≃ (1/6)J/k B = 40 K [9, 31] . This small T max as compared with J/k B is characteristic of highly frustrated S = 1/2 HKAF. Because the anomaly of the susceptibility at T t is small in Cs 2 Cu 3 SnF 12 , the change in the exchange interaction at T t should be small. Below 30 K, the experimental susceptibility deviates significantly from the theoretical susceptibility owing to the occurrence of 3D ordering at T N = 20.2 K. The ratio of J/k B to T N is approximately 10 in the present three systems. This large J/(k B T N ) indicates the good two-dimensionality and the presence of the strong frustration.
Magnetization curves exhibit hysteresis below T N in the present three systems, which indicates that weak ferromagnetic moments appear below T We consider two origins that give rise to the weak ferromagnetic moment. The first one is the DM interaction of the form
. Because the details of the crystal structure below T t are unclear, we first consider the configuration of the D vector in the high symmetric structure above T t . There is no inversion center at the middle point of two neighboring magnetic ions in the Kagomé lattice. This situation differs from that in the triangular lattice. Thus, in general, the DM interaction is allowed in the Kagomé lattice. There exists a mirror plane that passes the middle points of neighboring two Cu 2+ ions and is perpendicular to the line connecting these two ions. Therefore, the D vector should be parallel to the mirror plane [71] . Because there are two fold screw axes along the [1, 0, 0], [0, 1, 0] and [1, 1, 0] directions, the D vectors change their directions alternately along these directions. Thus, the configuration of the D vector should be as shown in Fig. 4 . Two symbols ⊙ and ⊗ in Fig. 4(a) and arrows in Fig. 4(b) denote the local positive directions of parallel and perpendicular components D and D ⊥ , respectively. There is no a priori relation between D and D ⊥ . The configuration of the D vector shown in Fig. 4 is just the same as that discussed by Elhajal et al. [48] . The parallel component D acts as the easy-plane anisotropy that confines spins in the Kagomé layer and stabilizes the q = 0 spin structure. The large arrows in Fig. 4(a) plane components of spins form the 120
• structure, the parallel component D does not give rise to the weak moment parallel to the Kagomé layer.
The perpendicular component D ⊥ leads to the canting of spins from the Kagomé layer [48] . The canting angle ϕ is given by tan 2ϕ = 2D
This spin canting produces the weak ferromagnetic moment of M wf = gµ B S sin ϕ perpendicular to the Kagomé layer. If the weak moments of neighboring layers do not cancel out, then weak net moment emerges along the c axis. Although the details of the crystal structure below T t is unclear at present, it is considered that the configuration of the D vector in the low-temperature crystal
Anisotropic exchange network composed of J1 (solid lines) and J2 (dashed lines), which results from orthorhombic distortion of the Kagomé lattice. Large arrows represent the q = 0 spin structure composed of three sublattice spins S1, S2 and S3. θ denotes the angle between the c plane component of −S1 and that of S2 or S3.
structure is close to that in the high-temperature crystal structure. Therefore, the weak ferromagnetic moment parallel to the c axis observed in the ordered states of Cs 2 Cu 3 ZrF 12 and Cs 2 Cu 3 HfF 12 can be attributed to the perpendicular component of the D vector (D ⊥ ) for the DM interaction. In Cs 2 Cu 3 SnF 12 , no weak moment was observed for H c. This should be because the weak moments of neighboring layers cancel out. Sharp cusp anomaly at T N as shown in the inset of Fig. 3(c) is often observed in jarosites [37, 38, 39, 46] and in the system where the weak moments cancel out [73] .
As the second origin of the weak moment, we consider the orthorhombic distortion of the Kagomé lattice, as discussed by Wang et al. [74] . This lattice distortion leads to two types of exchange interaction J 1 and J 2 , as shown in Fig. 5 . If the 3D ordering occurs, the 120
• structure is modified to be isosceles. The angle θ between the c plane component of −S 1 and that of S 2 or S 3 is given by
Thus, when the q = 0 spin structure is realized, the weak moment of M wf = gµ B S |2 cos θ − 1|/3 is produced parallel to the Kagomé layer. Note that in the triangular lattice, the orthorhombic distortion of the lattice leads to the incommensurate helical spin structure [75] , which is not accompanied by the weak moment. Kagomé lattice, as shown in Fig. 5 . We infer that the weak moment parallel to the Kagomé layer arises from such anisotropic exchange network. In Cs 2 Cu 3 SnF 12 , the unit cell in the the Kagomé layer is enlarged to 2a × 2a below T t , but the lattice still has the hexagonal symmetry.
Consequently, the exchange network is modified to be that for Rb 2 Cu 3 SnF 12 shown in Fig. 6 . In such exchange network that has the hexagonal symmetry, the weak moment does not appear. At present, we do not have clear explanation of the origin of the weak moment observed in Cs 2 Cu 3 SnF 12 . It is possible that Cs 2 Cu 3 SnF 12 shows a domain structure below T t and that the weak moment is induced in the domain boundaries where the hexagonal symmetry is locally broken.
B. Rb2Cu3SnF12
As mentioned above, the chemical unit cell of Rb 2 Cu 3 SnF 12 is enlarged to 2a × 2a in the Kagomé layer. In Fig. 2, we show Figure  6 shows the exchange network in Rb 2 Cu 3 SnF 12 . There are four types of nearest neighbor exchange interaction. Because the bond angle α of the exchange pathway Cu 2+ − F − − Cu 2+ ranges from α = 123.9
• to 138.4
• , the exchange interactions should be of the same order as those of Cs 2 Cu 3 MF 12 . The exchange interactions J 1 ∼J 4 are labeled in decreasing order of α, i.e., in decreasing order of magnitude. Figure 3(d) shows the temperature dependence of the magnetic susceptibilities of Rb 2 Cu 3 SnF 12 after the correction for the Curie-Weiss term owing to a small amount of impurities (≃0.3 %), and for the diamagnetism of core electrons and the Van Vleck paramagnetism. Raw susceptibility data of Rb 2 Cu 3 SnF 12 are shown in the previous paper [68] . With decreasing temperature, the magnetic susceptibilities of Rb 2 Cu 3 SnF 12 exhibit rounded maxima at T max ∼ 70 K and decrease rapidly. No magnetic ordering is observed. This result indicates clearly that the ground state is a singlet state with a triplet gap. The susceptibility for H c is almost zero for T → 0, whereas that for H ⊥ c is finite.
In the present Kagomé family, elongated axes of CuF 6 octahedra incline alternately in the Kagomé layer, as shown in Fig. 1(b) . This leads to the staggered inclination of the principal axes of the g tensor. When an external field is applied, the staggered component of the g tensor produces the staggered field perpendicular to the external field [76] . The Zeeman interaction due to the staggered field and the DM interaction can have finite matrix elements between the singlet ground state and the excited triplet state, because they are antisymmetric with respect to the interchange of the interacting spins. Thus, we infer that the ground state has a small amount of triplet component through these antisymmetric interactions when subjected to the external field parallel to the Kagomé layer. This gives rise to the finite susceptibility at T = 0 for H ⊥ c.
As shown in Fig. 3(d) , the magnetic susceptibility for T > 150 K agrees with the theoretical susceptibilities (solid lines) for the S=1/2 uniform HKAF obtained by exact diagonalization for the 24-site Kagomé cluster with J/k B = 187 K, and g = 2.43 and g ⊥ = 2.13 [31] . However, for T < 150 K, the agreement between experimental and theoretical susceptibilities is poor. The theoretical susceptibility exhibits a sharp rounded maximum at T max ≃ (1/6)J/k B ≃ 30 K, whereas the experimental susceptibility exhibits a broad maximum at T max ∼ 70 K. This is because exchange interactions in the Kagomé layer are not uniform. Figure 6 shows the exchange network in the Kagomé layer of Rb 2 Cu 3 SnF 12 . The network consists of pinwheels composed of J 1 , J 2 and J 4 interactions, which are connected by triangles of J 3 interactions. One chemical unit cell in the Kagomé layer contains 12 spins. Then, we performed the exact diagonalization for the 12-site Kagomé cluster under the periodic boundary condition. First, we calculated the uniform case, J 1 = J 2 = J 3 = J 4 = 1, to confirm the validity of our calculation. The result obtained is the same as that obtained by Elstner and Young [9] from the exact diagonalization for the 12-site Kagomé cluster, and close to the result for the 24-site Kagomé cluster obtained by Misguich and Sindzingre [31] . The comparison between susceptibilities obtained from the exact diagonalization for the 24-and 12-site Kagomé clusters is shown in Fig. 7(a) . Both susceptibilities coincide for k B T /J av > 0.5, and a small difference between them is observed for k B T /J av < 0.5. We also investigated the effects of J 2 and J 3 , setting the others equal. Figure 7 (b) shows the susceptibilities calculated for J 2 /J 1 = 0.5, 1, 1.5 and 2. For J 2 /J 1 < 1, χ max increases and T max decreases with decreasing J 2 , so that the rounded peak sharpens increasingly. The spin state for J 2 /J 1 → 0 is of interest. When J 2 /J 1 > 1, the susceptibility increases like obeying the Curie law for T → 0. In this case, six spins coupled through J 2 on a hexagon form a singlet state and three spins coupled through J 3 on a triangle form an S = 1/2 state. This doublet state gives rise to the Curie law at low temperatures. ions are linked through the p orbital of F − ion as in the present systems, the antiferromagnetic exchange interaction becomes stronger with increasing bonding angle α of the exchange pathway Cu 2+ − F − − Cu 2+ . It should be noted that the magnitude of the exchange constant for α = 180
• was obtained to be J/k B ≃ 390 K in KCuF 3 [77] and K 3 Cu 2 F 7 [78] . The bonding angle α i for the exchange interaction J i in Rb 2 Cu 3 SnF 12 is as follows:
• , α 2 = 136. • in KCuGaF 6 [79] . In these two antiferromagnets, the exchange interactions were determined with high accuracy. For T < T max , the calculated susceptibility decreases more rapidly than the experimental susceptibility because of the finite-size effect. Calculation for a larger Kagomé cluster may give a better description of low-temperature susceptibility.
The exponential temperature variation of the lowtemperature susceptibility indicates the presence of the triplet gap. The asymptotic low-temperature susceptibility for a 2D gapped system with a parabolic dispersion above the gap ∆ is expressed as [80, 81] 
The magnitude of the gap in Rb 2 Cu 3 SnF 12 is estimated to be ∆/k B = 21(1) K by fitting eq. (3) to the lowtemperature susceptibility data for H c. The solid line in the inset of Fig. 3(d) denotes the fit.
We also performed high-field magnetization measurements to evaluate the triplet gap directly. Figure 9 shows magnetization curves and dM/dH vs H measured at T =1.3 K for H c and H⊥c. The magnetization is small up to the critical field H c indicated by arrows and increases rapidly. This magnetization behavior is typical of the gapped spin system. Level crossing between the ground and excited states occurs at H c . The bend anomaly at H c is not sharp but is rather rounded. We infer that the smearing of the transition at H c is ascribed to the staggered Zeeman and DM interactions that are antisymmetric with respect to the interchange of spins. We assign the critical field H c to the field of inflection in dM/dH as shown in the inset of Fig. 9 . The critical fields obtained for H c and H⊥c are H c = 13(1) T and 20(1) T, respectively. These critical fields do not coincide when normalized with the g-factor as (g/2)H c . Because the magnetic susceptibility for H⊥c is finite even at T = 0, the ground state has a finite triplet component. Thus, the ground state energy is no longer independent of the external field but decreases with the external field. This leads to an increase in the critical field. Therefore, we evaluate the gap to be ∆/k B = 21(1) K from H c = 13(1) T obtained for H c. The magnitudes of the gap evaluated from the critical field and the low-temperature susceptibility coincide. It should be noted that ∆ = 0.11J av observed in Rb 2 Cu 3 SnF 12 and the triplet gap of ∆ ∼ 0.1J predicted for the S = 1/2 uniform HKAF [15, 22] are of the same order of magnitude.
It is evident from the present measurements that the ground state of Rb 2 Cu 3 SnF 12 is a spin singlet with a triplet gap, while Cs 2 Cu 3 SnF 12 has an ordered ground state. Then, we discuss the cause of the different ground states in these systems. Although the crystal lattice of Cs 2 Cu 3 SnF 12 is enlarged to 2a × 2a below the structural phase transition at T t = 185 K, the deviation of the magnetic susceptibility from the theoretical susceptibility for the uniform HKAF is small down to 30 K. This implies that the dispersion of the exchange constant (J 1 ∼ J 4 ) in Cs 2 Cu 3 SnF 12 is smaller than that in Rb 2 Cu 3 SnF 12 . The triplet gap produced in a Kagomé layer decreases with decreasing dispersion of the exchange constant. Conversely, the gap increases with increasing degree of dimerization. Therefore, the gap produced in a Kagomé layer should be smaller in Cs 2 Cu 3 SnF 12 than in Rb 2 Cu 3 SnF 12 , and the gap in Cs 2 Cu 3 SnF 12 collapses more easily when weak interlayer interaction operates. Because the distances between Kagomé layers in Cs 2 Cu 3 SnF 12 and Rb 2 Cu 3 SnF 12 are almost the same, the interlayer exchange interactions in both systems are of the same order of magnitude. We infer that the difference between the gaps produced by the exchange interactions in the Kagomé layers of both systems is an important factor of the different ground states.
Recently, Cépas et al. [82] have discussed the effect of the DM interaction on the ground state of S = 1/2 HKAF. The configuration of the D vectors that they assumed is the same as that shown in Fig. 4 . Using exact diagonalization and finite-size scaling, they argued that with increasing parallel component D , a quantum phase transition from a gapped state to an ordered state occurs, and that the quantum critical point is given by D c ≃ 0.1J. In the present systems, the magnitude of the D vector is roughly estimated to be D ∼ (∆g/g)J ≃ 0.2J [71] with ∆g ≃ 0.45. Because ESR spectrum was not observed because of the extremely large linewidth produced by the large DM interaction [70] , the ratio of D to D ⊥ is unclear. However, it is probable that D exceeds 0.1J, so that the ground state is gapless for triplet excitations. In this case, 3D ordering occurs at finite temperature with the help of interlayer interactions, as observed in Cs 2 Cu 3 SnF 12 . We infer that the difference in magnitude of the parallel component of the D vector is the second factor leading to the different ground state between Cs 2 Cu 3 SnF 12 and Rb 2 Cu 3 SnF 12 .
IV. CONCLUSIONS
We have presented the results of magnetic susceptibility measurements on the single crystals of Cs 2 Cu 3 MF 12 (M=Zr, Hf and Sn), which are described as S = 1/2 HKAF. In these systems, structural phase transitions were observed at T t = 225 K, 172 K and 185 K for M = Zr, Hf and Sn, respectively. The magnetic susceptibilities observed for T > T t are almost perfectly described using theoretical susceptibilities obtained by exact diagonalization for the 24-site Kagomé cluster with the exchange parameters and the g factors shown in Table III . For Cs 2 Cu 3 SnF 12 , the agreement between theoretical and experimental susceptibilities is fairly good even below T t . The magnetic susceptibility exhibits a rounded maximum at T max ≃ 38 K, which coincides with the theoretical result T max ≃ (1/6)J/k B . Magnetic ordering accompanied by the weak ferromagnetic moment occurs at T N = 23.5 K, 24.5 K and 20.0 K for M=Zr, Hf and Sn, respectively. The origins of the weak ferromagnetic moment should be ascribed to the lattice distortion that breaks the hexagonal symmetry of the exchange network for T < T t and the DM interaction.
We have also presented the results of magnetic measurements on Rb 2 Cu 3 SnF 12 , which is described as a modified Kagomé antiferromagnet with four types of exchange interaction. The results of magnetic susceptibility and high-field magnetization measurements revealed that the ground state is a spin singlet with a triplet gap. Using exact diagonalization for a 12-site Kagomé cluster, we analyzed the magnetic susceptibility and evaluated individual exchange interactions. We have discussed the causes leading to the different ground states in Cs 2 Cu 3 SnF 12 and Rb 2 Cu 3 SnF 12 . We infer that the difference in the dispersion of the exchange constant in the Kagomé layer and/or in the magnitude of the parallel component of the D vector causes the different ground states in these two systems.
